We have developed two subnuclear systems for synthesis of DNA of simian virus 40 in vitro. We prepare chromatin from infected cells by the method of Hancock [(1974) J. Mol. BioL 86, 649-6631; these "chromatin bodies" can be disrupted and large debris can be pelleted, leaving a supernatant ("soluble system"). Both Eukaryotic DNA replication has been the object of much study (for review see ref. 1), but many questions about the structure of replication forks and the proteins and cofactors that carry out replication remain unanswered. This is in large part due to the complexity of eukaryotic cells, and although the use of isolated nuclei has been helpful in studies of replication, such nuclear systems are still both complex and difficult to dissociate into simpler components.
Eukaryotic DNA replication has been the object of much study (for review see ref. 1 ), but many questions about the structure of replication forks and the proteins and cofactors that carry out replication remain unanswered. This is in large part due to the complexity of eukaryotic cells, and although the use of isolated nuclei has been helpful in studies of replication, such nuclear systems are still both complex and difficult to dissociate into simpler components.
For this reason, we have developed two subnuclear DNAsynthesizing systems from simian virus 40 (SV40)-infected monkey cells. There are several advantages to studying the replication of papovaviruses like SV40. The chromosome is small and can be manipulated and analyzed far more easily than the enormous chromosomes of the host cell. It is therefore possible to more fully characterize the products of synthesis in vitro and compare them to the products of replication in vivo. And, with the exception of a viral protein involved in the initiation of replication (2) (3) (4) (5) , the replication of SV40 DNA requires host proteins and resembles the host chromosomal replication in nearly every way yet noted (1) . Thus our subnuclear DNA-synthesizing systems should be excellent probes of cellular DNA replication.
In this paper we describe the two subnuclear DNA-synthesizing systems we have developed: one using "chromatin bodies" that retain some nuclear structure although they lack nuclear membranes, and a "soluble system" made from the chromatin bodies by physical disruption and pelleting of the large debris. We present our initial characterization of these systems, and data from them, which in the simplest interpretation supports a model of replication discontinuous on only one side of the replication fork. The soluble systems we describe should make it possible to identify and isolate proteins and other factors involved in eukaryotic DNA replication.
MATERIALS AND METHODS Cells and Infection. BSC-1 cells were allowed to become confluent in 100-mm plastic petri dishes (Falcon Plastics) in Dulbecco's modified Eagle's medium supplemented with 5% fetal calf serum (both from Grand Island Biological Co.). The medium was removed and 1 ml of fresh medium containing SV40 (grown at low multiplicity of infection from plaquepurified virus) at a multiplicity of 5-10 plaque-forming units per cell was added. After 1 hr at 370 in 5% CO2, 9 ml of fresh medium was added and incubation was continued at 370 in 5% CO2.
Preparation (Table 1) ; even when MgCl2 was lowered to compensate for the absence of rNTPs, the chromatin bodies synthesized less DNA than under standard conditions (56%). The soluble system, however, synthesized more DNA at 1.5 mM MgCl2 in the absence of the four rNTPs than in the standard mixture (140%). This is one of the few differences noted between these systems, and its significance is not clear. The role of rNTPs in DNA synthesis in vitro is not yet understood. Both subnuclear systems are completely dependent on the addition of dNTPs ( Table   1) .
The standard reaction mixture was used for both the soluble system and the chromatin bodies, even when cytoplasmic extracts were present. These extracts contain dNTPs, as indicated by the loss of total dependence upon added dNTPs (and probably contain rNTPs as well). This complicates estimating the degree of stimulation by cytoplasmic factors, since we have not yet determined the extent of dilution of the [32P]dNTPs used for labeling.
These systems lose activity during incubation at 370 in the absence of dNTPs and cytoplasm; the extent of loss is variable (70-100% in 15 min) and its cause was not explored.
Kinetics of DNA Synthesis. In the absence of cytoplasmic extract the incorporation is linear with time for the first few minutes, and then decreases in rate. Incorporation by chromatin bodies generally ceases (or slows dramatically) by about 10-15 min; the soluble system generally levels sooner, but in some experiments it too has continued for over 15 min. The presence of cytoplasmic extract increases the initial rate of DNA synthesis, and in addition seems to allow the reaction to proceed for a longer period, as much as 30 min or more. (The incorpo- (22.5 gCi/ml, 17.9 Ci/mmol) in the absence of cytoplasm. After 45 min, EDTA was added to 38 mM and the reaction mixture was cooled on ice, then layered over a 9.5-ml gradient (10-40% sucrose in 0.2 mM NaH2PO4, pH 7.5, over a 1-ml shelf of 80% sucrose in the same buffer) in a polyallomer tube. Centrifugation was in the SW41 rotor at 40,000 rpm for 120 min at 4°. Aliquots from each fraction were processed as described. Fractionation of the Soluble System on a Sucrose Gradient. The sedimentation profile of the protein-DNA complexes responsible for synthesis in vitro in the soluble system is shown in Fig. 1 . A variable portion of the prelabeled material, containing both cellular and unit-length viral DNA, sedimented very rapidly. In Fig. 1 the major part of the 3H prelabel forms a sharp peak with a leading shoulder. DNA extracted from the peak sediments (>80%) as form I in alkaline sucrose gradients, while DNA extracted from the shoulder sediments as SV40 replication intermediates in neutral and alkaline gradients. Thus, under our conditions, as under other conditions (8-11), replicating 5V40 chromosomes sediment faster than mature SV40 chromosomes. The 32p label incorporated in vitro sediments predominantly with the leading shoulder of prelabel which contains replication intermediates, as expected for a continuation of DNA synthesis.
Characteristics of DNA Made In Vitro. Most of the DNA made in vitro sediments more rapidly than form I DNA in neutral sucrose gradients (Fig. 2) , as would be expected for incorporation into replication intermediates. After longer incubations (>15 min), especially in the presence of cytoplasmic extract, the peak of DNA made in vitro sediments noticeably more slowly (Fig. 2) , much of the DNA at about the same rate as form I DNA. In the absence of cytoplasm some DNA may sediment more slowly than form I, and some remains faster sedimenting even at 30 min. This sedimentation behavior may be related to the closer approach to completion of synthesis achieved in the presence of cytoplasm and lack of joining of synthesized fragments in its absence (see below).
In order to determine which portions of the SV40 DNA molecule were being replicated in vitro, viral-sized DNA synthesized by chromatin bodies in the presence of cytoplasmic extract was digested with the restriction enzyme HindIII and electrophoresed on an agarose gel. The fluorescence pattern of the chromatin body preparation was identical to that of purified SV40 form I, digested in parallel. The corresponded exactly with the fluorescent bands, as did most of the in vitro radioactivity. (Some of the in vitro label trailed the bands slightly, particularly near fragment A; this could conceivably be due to the presence of replication forks.) The ratio of in vitro radioactivity to the uniform prelabel was highest (9.7) in the A fragment (around the terminus of replication) and lowest (3.6) in the B + C doublet (around the origin). Such a pattern is consistent with a relative deficiency (or lack) of initiation of new rounds of replication.
Size of Strands Made In Vitto. Viral-sized DNA pooled from neutral sucrose gradients was sedimented through alkaline sucrose gradients to determine the size of the DNA strands made in vitro. At all times from 0.5 to 15 min of labeling in vitro, the DNA made in the absence of cytoplasmic extract by both chromatin bodies and the soluble system (Fig. 3) contains approximately half long strands (up to full viral length) and half short strands (about 200-30 nucleotides, data not shown). This pattern is identical in both systems and is maintained while the 32P/3H ratio is increasing (i.e., while DNA synthesis is continuing). In neither case is there significant chasing of short strands into longer strands (Fig. 3) .
The addition of a cytoplasmic extract to either system dramatically changes the results. Both the chromatin bodies and the soluble system (Fig. 4) , when supplemented with the extracts, show a peak of short strands after brief incubations in vitro (up to 2-4 min), but with longer incubations this peak becomes relatively smaller while the peak of longer strands becomes larger. Again, the pattern is identical in both systems, except that the rate at which the peak of short strands is ob- (15, 16) and in nuclear systems (17) (18) (19) (20) (21) (22) (23) (24) (25) . Other investigators working with nuclear systems have also noticed that cytoplasmic factors stimulate DNA synthesis and joining (18, 20, 23) .
The equal distribution of radioactivity between long and short strands in the absence of cytoplasm suggests that synthesis of only one of the daughter strands is through Okazaki fragments (semidiscontinuous synthesis). The fact that this is seen in both systems despite differences in the rate and extent of synthesis argues that such a distribution is not due to a coincidental balancing of the rates of synthesis and joining of Okazaki fragments. Francke and coworkers (17) (18) (19) have concluded that synthesis in their nuclear in vitro polyoma DNA-synthesizing system is semidiscontinuous; Hershey and Taylor have come to the same conclusion in a different in vitro synthesizing system (12) . We note that the equal distribution of label into long and short strands could be consistent with totally discontinuous synthesis provided that the joining of half of the short strands is both very rapid (even in vitro) and not dependent upon cytoplasmic factors.
The fact that our soluble system can be sedimented through neutral sucrose gradients to partially purify and separate replicating SV40 chromosomes, and that the replicating SV40 chromosomes can continue synthesis in vitro (details to be published elsewhere), suggests that this system provides an excellent starting point from which it should be possible to purify and characterize the enzymes that participate in DNA Biochemistry: Edenberg et al. synthesis, as well as to characterize the proteins that bind to the replicating chromosomes and the structure of the replicating chromosomes.
